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Atmospheric deposition of reactive nitrogen (N) species from large ﬁres may contribute to enrichment of
nutrients in aquatic ecosystems. Here we use an atmospheric chemistry transport model to investigate
the supply of soluble organic nitrogen (ON) from open biomass burning to the ocean. The model results
show that the annual deposition rate of soluble ON to the oceans (14 Tg N yr1) is increased globally by
13% with the increase being particularly notable over the tropical oceans downwind from the source
regions. The estimated deposition of soluble ON due to biomass burning from the secondary formation
(1.0 Tg N yr1) is close to that from the primary sources (1.2 Tg N yr1). We examine the secondary
formation of particulate CeN compounds (i.e., imidazole, methyl imidazole, and N-containing oligomers)
from the reactions of glyoxal (CHOCHO) and methylglyoxal (CH3COCHO) with ammonium (NH4þ) in wet
aerosols and upon cloud evaporation. These ON sources result in a signiﬁcant contribution to the open
ocean (1.3 Tg N yr1), suggesting that atmospheric processing in aqueous-phase may have a large effect.
We compare the soluble ON concentration in aerosols with and without open biomass burning as a case
study in Singapore. The model results demonstrate that the soluble ON concentration in aerosols is
episodically enriched during the ﬁre events, compared to the case without smoke simulations. At the
same time, the model results show that the daily soluble ON concentration can be also enhanced in the
case without smoke simulations, compared to the monthly averages. These results may suggest that both
the primary source strength of ON and the secondary formation rates of ON should be taken into
consideration when using in-situ observations to constrain the calculated soluble ON burden due to
biomass burning. More accurate quantiﬁcation of the soluble ON burdens both with and without smoke
sources is therefore needed to assess the effect of biomass burning on bioavailable ON input to the
oceans.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Organic component of atmospheric nitrogen (N) may play an
important role in biogeochemical cycles, climate, and ecosystemsLtd. This is an open access article u(Duce et al., 2008; Cornell, 2011). Atmospheric organic nitrogen
(ON) is associated with anthropogenic activities, biomass burning,
mineral dust, and marine biological sources (Jickells et al., 2013).
Analysis of speciﬁc ON components in the aqueous-phase (rain or
cloud) leads to the identiﬁcation of oxidized ON compounds (e.g.,
organic nitrates and nitrophenols) and reduced ON compounds
(e.g., amines, amino acids and urea) (Cape et al., 2011). The oxidizednder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
A. Ito et al. / Atmospheric Environment 121 (2015) 103e112104ON in the atmosphere can be produced by the reactions of volatile
organic compounds (VOCs) with nitrogen oxides (NOx) through a
variety of reaction pathways (e.g., Neff et al., 2002: Ito et al., 2007a;
Goldstein et al., 2009). Reduced ON compounds (e.g., imidazole,
imidazole-2-carboxaldehyde, and biimidazole) have been identi-
ﬁed as a product of reactions of glyoxal and methylglyoxal with
ammonium sulfate ((NH4)2SO4), amino acids, and amines in labo-
ratory studies (De Haan et al., 2009a, 2009b, 2011; Galloway et al.,
2009; Yu et al., 2011; Kampf et al., 2012). Organic N-containing
compounds can also be directly emitted during vegetation ﬁres,
because substituted N-heterocyclic compounds typically undergo
minor pyrolytic and oxidative fragmentations at relatively low
temperatures (i.e., smoldering ﬁres) (Mukai and Ambe,1986; Laskin
et al., 2009).
Laboratory experiments conducted with ammonium salts indi-
cate that imidazoles corresponded to only a very small fraction
(<1%) of total observed organic aerosol in a study of glyoxal uptake
on ammonium sulfate seed aerosol (Galloway et al., 2009). A
regional modeling study showed that the ammonium pathway
contributed a very small fraction of predicted SOA mass concen-
tration over California (Knote et al., 2014). Although it appears
unlikely that the reaction of glyoxal with ammonium contributes
signiﬁcantly to ambient SOAmass in acidic or non-marine aerosols,
the reactions of glyoxal and methylglyoxal with ammonium may
still be a signiﬁcant atmospheric source of brown carbon, imidaz-
oles, and N-containing oligomers in marine aerosols (Sedehi et al.,
2013). Further, these reactions are accelerated due to water evap-
oration and thus may be a signiﬁcant source of the N-containing
oligomers observed in urban and biomass burning aerosols (De
Haan et al., 2009b, 2009c, 2011; Lee et al., 2013).
Global estimates of soluble ON deposition are highly uncertain,
due to uncertainties in sources, transformation, and deposition
(Table 1). In global modeling studies, atmospheric deposition of
total soluble ON is conventionally considered to be mainly from
secondary oxidized ON (e.g., Neff et al., 2002: Ito et al., 2007a).
Based on a compilation of measurements, Duce et al. (2008) sug-
gest that atmospheric soluble ON is more abundant than that
estimated in modeling studies, constituting about 30% of total
reactive N deposition (i.e., oxidized and reduced inorganic and
water-soluble organic forms). Based on N:C molar ratios observed
for organic aerosols, Kanakidou et al. (2012) estimated that a sig-
niﬁcant amount of the primary ON emissions was from anthropo-
genic activities such as biomass burning, biofuel and fossil fuel
combustion sources (12 Tg N yr1) while total ON emission was
27 Tg N yr1. Our atmospheric chemistry transport model showed
that anthropogenic emissions (excluding all open biomass burning
sources) resulted in an increase in soluble ON deposition to the
oceans (totalþ3.5 Tg N yr1) over the twentieth century, whichwas
accentuated over the North Paciﬁc Ocean downwind from East Asia
(Ito et al., 2014). These results highlight the necessity of improving
the process-based quantitative understanding of the chemical for-
mation of soluble ON species in the atmosphere.
Here we examine the relative contribution of soluble ON from
open biomass burning to the total deposition in our atmosphericTable 1
Soluble organic nitrogen deposition (TgN yr1).
Study Global deposition
Neff et al. (2002) 10
Duce et al. (2008) (20)a
Kanakidou et al. (2012) 32 (16)a
Ito et al. (2014) 26 (10)a
This workb 19e30 (9e14)a
a Parentheses represent the depositions to the oceans only.
b The range represents the bottom-up and top-down estimates.chemistry transport model. The quantiﬁcation of soluble ON by
minimizing the difference between modeled and observed soluble
ON may be described as a ‘top-down’ approach. The alternative
‘bottom-up’ approach to the quantiﬁcation of soluble ON is to
identify the individual formation processes from laboratory ex-
periments, and estimate them separately. In our previous study, we
used the model to explore methods for improving the apparent
underestimate in modeled ON by ﬁtting the amount of reduced ON
sources in the water absorbed by hygroscopic particles (aerosol
water) to the observations of soluble ON deposition at coastal and
marine locations (i.e., a top-down approach) (Ito et al., 2014). Here
we use an updated version of the chemical transport model that
couples the gas-phase chemistry with detailed aqueous-phase
chemistry (Lin et al., 2014). We examine the source of soluble ON
produced as a result of reaction of glyoxal and methylglyoxal with
ammonium ions in aerosol water and during cloud evaporation,
which is based on laboratory experiments (i.e., a bottom-up
approach). Because of the large uncertainty in the magnitude of
the contribution of this pathway to total organic aerosol mass, the
purpose of the global model simulations in this study is not to
predict the magnitude of soluble ON concentration measured in a
speciﬁc case study but to explore relative contributions from
different sources. Section 2 describes the modeling methods and
the numerical experiments that were performed. The spatial dis-
tribution of soluble ON deposition and the temporal variation of
soluble ON concentration with different origins are used to explore
different possible explanations for enhancements in the soluble ON
concentrations and deposition during ﬁre events in Section 3.
Section 4 presents a summary of the ﬁndings and the future
outlook.
2. Model approach
2.1. Model description
The global chemical transport model used in this study is a
coupled gas-phase and aqueous-phase chemistry version of the
Integrated Massively Parallel Atmospheric Chemical Transport
(IMPACT) model (Rotman et al., 2004; Liu et al., 2005; Feng and
Penner, 2007; Ito et al., 2007a, 2014; Ito and Feng, 2010; Lin et al.,
2012, 2014; Xu and Penner, 2012; Ito and Xu, 2014). The model
simulates the emissions, chemistry, transport, and deposition of
major aerosol species, including organic nitrogen (ON), nitrate,
ammonium, particulate organic matter (POM), black carbon (BC),
sulfate, mineral dust and sea spray aerosols, and their precursor
gases. The model includes the microphysics of sulfate aerosol
(Herzog et al., 2004; Liu et al., 2005) and the thermodynamics of
ammonium, nitrate, and mineral aerosols (Jacobson, 1999; Feng
and Penner, 2007; Ito and Feng, 2010; Xu and Penner, 2012; Ito
and Xu, 2014) coupled to an integrated numerical solution for
gas-phase and aqueous-phase photochemistry of organic com-
pounds (Sillman, 1991; Ito et al., 2007a, 2014; Sillman et al., 2007;
Lin et al., 2012, 2014) together with atmospheric transport (Rotman
et al., 2004). The model is driven by assimilated meteorological
ﬁelds from the Goddard Earth Observation System (GEOS) of the
NASA Global Modeling and Assimilation Ofﬁce (GMAO). Simula-
tions have been performed with a horizontal resolution of
2.0  2.5 and 59 vertical layers with a top boundary at 0.01 hPa
using the GEOS-5 assimilated meteorological ﬁelds for the year
2006.
2.2. Emission
We run the model with and without emissions of gases and
aerosols from open biomass burning (Fig. 1 and Table 2). The
Fig. 1. Emissions of soluble ON aerosols (a) from all primary sources and (b) from open
biomass burning only (mg m2 yr1).
Table 2
Annual emission rates with and without open biomass burning (Tg species yr1).
Species Chemical formula for gases included
for lumped species
With Without
POM 58 26
(SON)a (9)a (5)a
BC 8 5
NO NO 100 75
NH3 NH3 57 50
CO CO 1150 610
MEK C4H8O, C4H6O2, C5H10O, C7H14O,
C8H16O, C2H4O2, C3H6O2
11 1
PRPE C3H6, C4H8, C5H10, C6H12, C8H16,
C5H10, C5H8, C6H12, C4H4O,
C5H6O, C6H8O, C4H8O, C4H6O, C5H4O2, C4H6
42 22
C2H6 C2H6 9 3
C3H8 C3H8 5 4
ALK4 C4H10, C5H12 25 25
ALD2 C2H4O, C3H6O, C3H4O, C4H8O,
C6H12O, C7H14O, C7H6O
10 2
HCHO HCHO 8 0
ACET C3H6O 45 43
ETHE C2H4 27 20
ALK7 C6H14, C7H16, C3H4 19 19
BENZ C6H6 9 7
TOLU C7H8, C6H5CH2CH3 10 9
XYLE C6H4(CH3)2, C8H6O, C8H8 11 10
BUTE C4H8 7 6
MOH CH3OH, C2H2 115 102
ACO2 HCOOH 3 0
ACTA CH3COOH 35 9
PHEN C6H5OH 5 0
GLYC C2H4O2 7 0
HONO HONO 2 0
HAC C3H6O2 4 0
MVK C4H6O 3 0
a Parentheses represent soluble organic nitrogen (SON) (Tg N yr1), which are
internally mixed with particulate organic matter (POM) except the marine sources.
The soluble ON aerosols include larger particles (radius: 0.63e1.25 and
1.25e2.5 mm) from the marine sources (5.5 Tg N yr1), which are internally mixed
with sea spray aerosols. The solubility of the primary ON emitted from combustion
(50%) and marine sources (80%) is prescribed (Kanakidou et al., 2012). The spatial
distribution of soluble ON emissions is shown in Fig. 1.
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fuel combustion are based on the emission inventory described by
Ito et al. (2014). The global emissions from open biomass burning
are derived from a synthesis of ground-based measurements, sat-
ellite information, and atmospheric chemical transport model for
the year 2000 (Ito and Penner, 2004, 2005) except in southern
Africa and the high latitude Northern Hemisphere (>30N latitude),
where regional emissions from open vegetation burning are
available (Ito et al., 2007b; Ito, 2011). The N:C molar ratios of the
primary ON emitted from combustion (0.3) and marine sources
(0.15) are prescribed following Kanakidou et al. (2012). The mea-
surements for potentially bioavailable N are commonly made
following ﬁltration through 0.2 or 0.4 mm ﬁlters. The solubility of
the primary ON emitted from combustion (50%) and marine sour-
ces (80%) is prescribed, while 100% of the secondary ON com-
pounds are assumed to be soluble (Kanakidou et al., 2012). The
major biomass burning source regions are boreal forested areas and
the tropical belt (>100 mg m2 yr1 in Fig. 1b).
Some revisions to the emission data set from our previous
version (Ito et al., 2014) were made for the present study. The
emission factors (used to convert the carbon emissions from ﬁres to
aerosols and gases) compiled by Akagi et al. (2011) include addi-
tional species such as glycolaldehyde, acetol, methyl vinyl ketone,
and nitrous acid (Table 2). The daily variability of open ﬁre emis-
sions is scaled using the MODIS burned area product (Giglio et al.,
2013). Also, a daily emission data set of sea spray and dime-
thylsulﬁde (DMS) from Dentener et al. (2006) is used. Our total
primary ON emission from the oceans is 6.8 Tg yr1 on a global
basis, which is comparable with that derived by Kanakidou et al.
(2012) (5.4 Tg yr1). An extra glyoxal source of 20 Tg yr1 overthe oceans is also added following the work of Myriokefalitakis
et al. (2011), although the origin of glyoxal and its source
strength in the marine boundary layer is still open question. The
direct emissions of glyoxal from marine sources are evenly
distributed in mixing ratio throughout the planetary boundary
layer by scaling with the marine isoprene sources (Bikkina et al.,
2014; Mahajan et al., 2014).
2.3. Chemistry
In our model, VOCs (e.g., isoprene, monoterpenes, and aromatic
compounds) are emitted from the anthropogenic and natural
sources (Ito et al., 2007a, 2009, 2014; Lin et al., 2012, 2014). The
photochemical oxidation of VOCs and their subsequent reaction
with NOx in the atmosphere forms secondary oxidized ON gases in
the atmosphere (i.e., PAN-like organic nitrates, alkyl- and hydrox-
yalkyl nitrates) (Ito et al., 2007a). Subsequently, semi-volatile and
low-volatility organic N-containing products are partitioned to the
particulate phase in the atmosphere, based on thermodynamic
principles together with assumptions for the rate of formation of
low-volatility oligomers (Lin et al., 2012). Secondary oxidized ON in
gases and aerosols is separately treated as a tracer (Ito et al., 2014).
Secondary reduced ON compounds are estimated based on the
calculated ammonium in aerosols using the top-down approach
(Ito et al., 2014). The heterogeneous uptake of ammonium on
existing particles is interactively simulated in themodel following a
hybrid dynamical approach (Feng and Penner, 2007). Five
A. Ito et al. / Atmospheric Environment 121 (2015) 103e112106externally mixed aerosols are used for the aerosol chemistry in bin
1 (radius: 0.05e0.63): (1) sulfates; (2) carbonaceous aerosols from
fossil fuel combustion; (3) carbonaceous aerosols from biomass
burning, natural sources, and secondary formation; (4) mineral
dust; and (5) sea spray aerosols (Xu and Penner, 2012). Two
externally mixed aerosol types are used for the aqueous-phase
chemistry in bin 2e4 (radius: 0.63e1.25, 1.25e2.5, and
2.5e10 mm): (1) mineral dust; and (2) sea spray aerosols. We pre-
scribed that half of the mass fraction of the ammonium that was
partitioned to the aerosols was soluble ON, in order to obtain a
reasonable agreement between the predicted soluble ON deposi-
tion and a compilation of observations at coastal and marine lo-
cations (Ito et al., 2014). Consequently, most modeled values fall
within a factor of ﬁve of the measured values (Fig. 2a). We also note
that sulfates can become internally mixed with all aerosol types in
each size bin through condensation, formation in cloud drops and
coagulation with pure sulfate aerosols (Liu et al., 2005). In addition
to the inorganic compounds (i.e., nitrate, ammonium, and sulfate),
secondary organic aerosols (SOA) formed in aqueous chemistry
(denoted aqSOA hereafter) are explicitly simulated (Lin et al., 2014),
and can be also internally mixed with all aerosol types in each size
bin as described below in Section 2.3. The integrated numerical
solution for gas-phase and aqueous photochemistry follows that
developed by Sillman et al. (2007). With this scheme, water-soluble
VOCs (e.g., glyoxal and methylglyoxal) are absorbed into cloud and
aerosol water, where they may react to form low-volatility sec-
ondary organic materials.
Some revisions to the aqSOA chemistry from our previous version
(Linet al., 2014)were alsomade for thepresent study.Hereweuse the
multiphase reaction scheme in aerosolwater to treat the competition
of the non-oxidative reactions (i.e., aldehyde þ ammonium) with
aqueous-phase oxidation (Ervens and Volkamer, 2010) as described
in Case 2 of Lin et al. (2014), while the chemical reactions in cloud
water are the same as those used in cloud as described in Case 1 of Lin
et al. (2014). For aerosol particles, we apply enhanced Henry's law
constants for glyoxal and methylglyoxal relative to those for cloud
droplets (by a factor of 72) to account for the salting-in effect (KampfFig. 2. (a) Comparison of simulated with top-down approach and observed deposition rates
Cornell et al., 1998, 2001; Eklund et al., 1997; Peierls and Paerl, 1997; Russell et al., 1998; Scu
2002; Mace et al., 2003a, 2003b; Seitzinger et al., 2003; Kieber et al., 2005; Calderon et al.,
2009; Karthikeyan et al., 2009; Violaki et al., 2010; Gioda et al., 2011; Zamora et al., 2011;
ammonium that was partitioned to the aerosols was soluble ON, in order to obtain a reas
observations at coastal and marine locations (Ito et al., 2014). (b) Comparison of simulated w
the coastal and marine locations. We explicitly calculate the particulate CeN compounds (
actions of glyoxal and methylglyoxal with ammonium in wet aerosols and upon cloud evap
the solid line by a factor of ±5. The blue colors represent the modeled values that fall withet al., 2013), following Ervens et al. (2014). Aqueous reactions in
aerosol water are followed in (1) sulfate aerosols, as in case 2 of Lin
et al. (2014). Then, we apply the same chemical scheme to estimate
the aqSOA formation in four additional aerosols types consecutively
(i.e., (2) carbonaceous aerosols from fossil fuel combustion; (3)
carbonaceous aerosols from biomass burning, natural sources, and
secondary formation; (4) mineral dust; and (5) sea spray aerosols).
The predicted SOA formed in the aqueous chemistry is highly sensi-
tive to the cloud water content in low-level stratus cloud, which was
one of the main weaknesses in the GEOS-5 atmospheric general cir-
culationmodel (Sud et al., 2013). Thus the cloud volume fraction and
cloud liquid water content are taken directly from the assimilated
meteorological ﬁelds above the planetary boundary layer, as in Ito
et al. (2014), while they are diagnosed below the planetary bound-
ary layer, as in Liu et al. (2005).
We explicitly calculate the particulate CeN compounds (i.e.,
imidazole and methyl imidazole) formed via reactions of glyoxal
and methylglyoxal with ammonium in all the externally mixed wet
aerosol types for each size bin. The corresponding aqueous-phase
reactions and their rate constants are given in Table 3 (see also
Sedehi et al., 2013). The reactions in Table 3 represent the combined
contribution of the two pathways for imidazole (methyl imidazole)
formation and aldol (acetal) oligomer formation. The close match
between glyoxal (methylglyoxal) loss rates and imidazole (methyl
imidazole) production rates at pH 4 (pH 3e4) indicates that the
former pathway is dominant in reactions with ammonium salts
(Sedehi et al., 2013). Therefore, a smaller contribution (i.e., 25%) was
assigned to the aldol (acetal) oligomer formation (Sedehi et al.,
2013). In the latter reaction, ammonium ions act as catalysts (i.e.,
releasing protons) and are not themselves incorporated into
products (Noziere et al., 2009).
Since the amount of acidic and alkaline compounds (e.g., sulfate,
nitrate, and ammonium) associated with each aerosol type and
each size bin differs, the pH andwater contents differ. This creates a
different formation rate of imidazole and methyl imidazole within
each aerosol type and each size bin. To account for different pH
values and water contents of each aerosol type and each size bin,(g N m2 yr1) for soluble ON at the coastal and marine locations (Rendell et al., 1993;
dlark et al., 1998; Spokes et al., 2000; Carrillo et al., 2002; Keene et al., 2002; Luo et al.,
2007; Rolff et al., 2008; Zhang et al., 2008; Bencs et al., 2009; Gonzalez Benítez et al.,
Nyaga et al., 2013; Qi et al., 2013). We prescribed that half of the mass fraction of the
onable agreement between the predicted soluble ON deposition and a compilation of
ith bottom-up approach and observed deposition rates (g N m2 yr1) for soluble ON at
i.e., imidazole, methyl imidazole, and N-containing oligomers imidazole) from the re-
oration. The solid line represents a 1-to-1 ratio. The dashed lines show deviations from
in a factor of ﬁve of the measured values.
Table 4
Soluble ON budget for the major source categories (Tg N yr1).
Primary soluble ON Emission Dry
deposition
Wet
deposition
Burden
Anthropogenic sources 5.5 0.7 4.9 0.051
Marine sources 5.5 1.7 3.8 0.009
Secondary soluble ON Chemistry Dry
deposition
Wet
deposition
Burden
Oxidized ON 4.9 3.3 2.5 0.59
Top-down reduced ON 13 2.4 11 0.08
Bottom-up reduced ON 1.7 (88%)a 0.7 (81%)a 0.9 (94%)a 0.003 (92%)a
a Parentheses represent the percentage of N-containing oligomers from the cloud
evaporation to bottom-up reduced ON.
Table 3
Aqueous-aerosol-phase reactions, rate constants (k), and activation energies (Ea) of glyoxal (GLYXL) and methylglyoxal (MGLYL) with ammonium (NH4þ) (Sedehi et al., 2013).
Aqueous-aerosol-phase reactionsa Log k as function of pHb (M1 s1) Ea (kJ mol1)
GLYXL þ NH4þ ¼> 0.375 GIMID þ 0.375 ACO2 þ 0.250 GLYOLI þ 0.25 NH4þ þ H2O 1.05 (pH) e 7.45 21
MGLYL þ NH4þ ¼> 0.375 MGIMID þ 0.375 ACTA þ 0.250 MGLOLI þ 0.25 NH4þ þ H2O 0.834 (pH) e 5.91 15
a GIMID: imidazole, ACO2: formic acid, GLYOLI: oligomers from glyoxal, MGMID; methyl imidazole, ACTA: acetic acid, and MGLOLI: oligomers from methylglyoxal.
b The values of pH in the aerosol water are calculated from the thermodynamic module.
A. Ito et al. / Atmospheric Environment 121 (2015) 103e112 107different reaction rates are used, but with the same chemical
scheme. The values of pH in the aerosol water for the calculation of
the reaction rates are estimated for all the wet aerosols in each size
bin from the thermodynamic equilibriummodule (Jacobson, 1999),
as in Ito and Xu (2014). The aerosol liquid water content and wet
radius for the aqueous-aerosol-phase chemistry are calculated from
the aerosol thermodynamic module (Jacobson, 1999) as in Xu and
Penner (2012).
In addition to the formation of particulate CeN compounds in
aerosol water, oligomers are formed from glyoxal and methyl-
glyoxal via acetal (Liggio et al., 2005) and aldol condensation re-
actions (De Haan et al., 2009c) upon droplet evaporation,
respectively. Following Liu et al. (2012), the cloud lifetime (i.e., the
time between cloud activation and evaporation) is set equal to the
model time step (i.e., 1 h in our simulations). Upon cloud evapo-
ration, 33% of glyoxal and 19% of methylglyoxal in the liquid phase
are assumed to form oligomers (De Haan et al., 2009c). As a result,
the production of oligomers formed from glyoxal and methyl-
glyoxal upon cloud evaporation is 4 Tg C yr1. The SOA produced
upon cloud evaporation is equally distributed among the particles
according to the ratio of surface area concentration in each particle
to the total surface area concentration of all particles under dry
conditions. Thus the deposition velocities of aqSOA depend on the
aerosol types and size bins, and follow the aging of these parent
aerosols in the atmosphere.
Laboratory experiments suggest that imine and imidazole
products are major components produced in reactions of methyl-
glyoxal with amines and ammonium sulfate in simulated evapo-
rating cloud droplets (De Haan et al., 2011). We assume that N-
containing oligomers are formed from glyoxal and methylglyoxal
via the same reactions upon cloud evaporation as in Table 3. Thus
we use the mean N/C molar ratios of 0.375 and 0.25 for oligomers
formed from glyoxal and methylglyoxal, respectively, in the olig-
omer formation method upon cloud evaporation (De Haan et al.,
2009c; Liu et al., 2012). The latter was consistent with the N/C ra-
tio measured for the products formed from the reactions of
methylglyoxal with ammonium sulfate in 15 min after drying in
laboratory experiments (De Haan et al., 2011).
3. Results and discussion
3.1. Global soluble organic nitrogen deposition due to open biomass
burning
Atmospheric budgets of soluble ON have been studied on a
global scale, and the total deposition rates of soluble ON are con-
strained by available observations at coastal and marine locations
in our model (Ito et al., 2014) (Fig. 2a and Table 4). Our global total
deposition ﬂux of soluble ON (30 Tg N yr1) is close to that esti-
mated by Kanakidou et al. (2012) (Table 1). In our model, however,
an additional important source of the soluble ON from chemically
produced reduced ON (46%) (Table 5) is considered. For compari-
son, Kanakidou et al. (2012) estimated about 70% of the global ON
atmospheric source was derived from primary emissions sources.
Here, we discuss how much soluble ON deposition can be
attributed to open biomass burning in our model. The estimatedannual deposition rate of soluble ON to the oceans with ﬁre
emission (14 Tg N yr1) is higher than that without ﬁre
(12 Tg N yr1) (Table 5). The total deposition from open biomass
burning over land areas (4 Tg N yr1) is larger than that to the
oceans (2 Tg N yr1). We compared the spatial distribution of the
simulated annual global deposition of soluble ON to the oceans
from all sources including the open biomass burning to that from
the ﬁres only (Fig. 3a and b). The soluble ON from open biomass
burning is mostly deposited in land and coastal water locations
near the source regions. Themodel results show that the deposition
of soluble ON due to open biomass burning might contribute more
than 20% of the total soluble ON deposition to the sea waters
downwind from the source regions, such as the equatorial Atlantic
Ocean, the eastern equatorial Paciﬁc Ocean, and the seas around
Indonesia and Australia. The estimated deposition of soluble ON
from the secondary formation (1.0 Tg N yr1) is close to that from
the primary sources (1.2 Tg N yr1). The results suggest that at-
mospheric processing has a signiﬁcant effect on the deposition of
soluble ON from open biomass burning to the oceans.
We estimated the total deposition of soluble ON that is formed
as a result of reaction of glyoxal and methylglyoxal from ammo-
nium in wet aerosols and upon cloud evaporation (denoted aqSON
hereafter and shown in Fig. 4). The total deposition to the oceans
estimated from our bottom-up approach (1.3 Tg N yr1) is about
20% of that from our top-down approach (6.5 Tg N yr1). The
deposition rate of aqSON from our bottom-up approach is generally
low (<30 mg m2 yr1) compared to that from our top-down
approach and thus underestimates the observations at some
coastal and marine locations (Fig. 2 and Table 4). However, the
model results suggest that bottom-up estimates of secondary
reduced ON deposition can contribute more than 20% of the total
deposition to the sea waters such as the Southern Ocean, the
eastern equatorial Paciﬁc Ocean, and the seas around Indonesia.
3.2. Smoke haze episode in Singapore
Biomass burning aerosols have been associated with enhanced
soluble ON concentrations (Mace et al., 2003c; Sundarambal et al.,
2010; Zamora et al., 2011). The motivation for this case study is to
explore possible mechanisms for enhancements of soluble ON pre-
viously measured for biomass burning plumes in Singapore
Table 5
Annual deposition rates of soluble ON (Tg N yr1) from different sources with and
without open biomass burning.
Type With Without
Primary soluble ON 11 (7.1)a 7.4 (5.8)a
Secondary oxidized soluble ON 5.9 (1.0)a 4.2 (0.7)a
Secondary reduced soluble ON 14 (6.5)a 13 (5.9)a
Total soluble ON 30 (14)a 24 (12)a
a Parentheses represent the depositions to the oceans only.
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aerosols andgases fromavariety of sourcesmixunderhigh humidity
and solar radiation, which can lead to a chemically complex photo-
chemical haze (Atwood et al., 2013).We compared ourmodel results
for the total soluble ON (i.e., dryþwet) depositionwith observations
in Singapore (Table 6). Our annual deposition rate of soluble ON in
Singapore (0.14± 0.07 gNm2 yr1) fallswithin a factor ofﬁve of the
measured ranges byKarthikeyanet al. (2009) (0.4±0.2 gNm2 yr1)
and He et al. (2011) (0.7 ± 0.2 g N m2 yr1) but is an order of
magnitude lower than the measurements by Sundarambal et al.
(2010) (4.2 ± 1.0 g N m2 yr1). Furthermore, Sundarambal et al.
(2010) observed much higher soluble ON deposition
(15 ± 9 g N m2 yr1) during haze events in October 2006. At the(b) Open biomass burning only / Total soluble ON
(a) Open biomass burning only
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Fig. 3. (a) Deposition of soluble ON due to open biomass burning (with smoke
simulation e without smoke simulation). (b) Fraction of soluble ON deposition due to
open biomass burning to total soluble ON deposition (13% on a global mean).
Fig. 4. (a) Deposition of sum of imidazole, methyl imidazole, and N-containing olig-
omers (denoted aqSON), which are formed in aerosol water and upon cloud evapo-
ration (i.e., bottom-up approach). (b) Fraction of secondary reduced ON deposition
with bottom-up approach to that with top-down approach (21% on a global mean).plume scale, there is a large fraction of unidentiﬁed reactive non-
methane organic compounds (NMOC), whose emission factors are
not speciﬁed (Akagi et al., 2011). Thus the apparent underestimate
may be partly associated with a rapid photochemistry involving
formation of a variety of organic N-containing compounds (e.g.,
nitrocatechols, nitroguaiacols, and nitrosalicylic acids) through
photo-oxidation of the unspeciﬁed NMOC in the presence of NOx
within a few hours after emission (Mason et al., 2001; Ito et al.,
2007a; Iinuma et al., 2010; Kitanovski et al., 2012). Nitro-aromatic
compounds have been suggested to be important gas-phase pre-
cursors for humic-like substances (HULIS), which make up a major
fraction of observed water-soluble organic compounds (WSOC)
(Claeys et al., 2012). Another important consideration for the lifetime
of the species is that smoldering combustion can produce smoke
haze near the surface. Since unidentiﬁed NMOC may contain one or
more hydroxyl groups, the products of soluble ON formed from their
reactions with NOx can be easily scavenged from the atmosphere to
the ground near the source regions through wet and dry deposition.
Because of the large grid box of our global model, these local phe-
nomena cannot be accurately simulated.
We compared atmospheric ON concentration in aerosols be-
tween cases with and without open biomass burning in Singapore
(Fig. 5). Large ﬁres taking place in Sumatra (Indonesia) induced
large enhancements of aerosol concentrations from early October
Table 6
Annual deposition rates of soluble ON (mean ± standard deviation g N m2 yr1) in
Singapore.
Study Dry deposition Wet deposition Total deposition
This work 0.007 ± 0.004 0.14 ± 0.07 0.14 ± 0.07
Karthikeyan et al. (2009) 0.2 ± 0.1 0.2 ± 0.1 0.4 ± 0.2
He et al. (2011) 0.3 ± 0.1 0.4 ± 0.2 0.7 ± 0.2
Sundarambal et al. (2010) 0.5 ± 0.2 3.7 ± 1.0 4.2 ± 1.0
Sundarambal et al. (2010) (2.4 ± 0.6)a (12 ± 9)a (15 ± 9)a
a Parentheses represent the smoke haze events in October 2006.
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2015). The model results demonstrate that the soluble ON con-
centration in aerosols is episodically enriched due to open biomass
burning during the ﬁre events, compared to the simulations
without smoke. At the same time, the model results also indicate
that the hourly averaged ON concentration in aerosols can be
enhanced without smoke, compared to the monthly averages.
These results suggest that the observed enhancement during ﬁre
events may be associated with meteorological parameters, in
addition to the increases in soluble ON source strength from
biomass burning. Our estimates (0.26 mg N m3 for smoke simu-
lation and 0.19 mg N m3 for without smoke simulation) are com-
parable with the observations by Karthikeyan et al. (2009)
(0.60 ± 0.38 mg N m3) and He et al. (2011) (0.48 mg N m3), but
they are an order of magnitude lower than the measurement byFig. 5. (a) Simulated soluble ON concentration in aerosols (mg N m3) during October
2006 in Singapore. (b) Ratio of daily mean to monthly mean (0.26 mg N m3 for the
case with smoke simulation and 0.19 mg N m3 for the case without smoke simulation).
Red color indicates the results for the case with smoke simulation. Blue color repre-
sents the results for the case without smoke simulation.Sundarambal et al. (2010) (1.5 ± 0.6 mg N m3). Furthermore,
Sundarambal et al. (2010) measuredmuch higher ON concentration
(6.4 ± 1.3 mg N m3) during haze events in October 2006 (4 sam-
ples). The comparison of the soluble ON concentration in aerosols
has to be treated with caution, because a signiﬁcant portion of the
soluble ON associated with biomass burning aerosols may actually
have been present as gases in the atmosphere or as volatilizable
aerosols (Zamora et al., 2011).
Comparison of model results to observed concentrations may be
meaningful if the measurements are regionally representative
values. He et al. (2011) collected samples at three different sites in
Singapore (69 samples at Payalaber, 72 samples at Cavanagh, and
70 samples at Kallang), and observed a relatively small range of
mean ON concentration between different locations
(0.69e0.72 mg N m3), compared to the wide range observed at the
same locations (0.09e3.6 mg Nm3 at Payalaber, 0.05e3.0 mg Nm3
at Cavanagh, and 0.02e4.3 mg N m3 at Kallang). We examined the
different types of soluble ON sources in comparison with the
measurements (He et al., 2011) (Fig. 6). The reduced ON from the
top-down approach mainly contributes to a baseline amount with
daily variation (Fig. 6a). The primary soluble ON from the open
biomass burning is mainly seen as spikes in the time series. The
simulated soluble ON concentration using the bottom-up approachFig. 6. Comparison of (a) model-simulated top-down soluble ON concentration in
aerosols (mg N m3) from simulations described by Ito et al. (2014) and (b) model-
simulated bottom-up concentrations to the measurements in Singapore. Color in-
dicates source: this work, blue (secondary reduced soluble ON), green (primary soluble
ON from biomass burning), and brown (other sources including secondary oxidized ON
and primary soluble ON from the fossil fuel combustion and ocean); black, He et al.
(2011).
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may imply that more complex formation processes are needed to
explain themissing soluble ON sources in atmospheric water under
high humidity and solar radiation. Such processes can potentially
result in observed aerosol burdens that have higher organic N
content in total soluble N, compared to the model estimates.
Imidazole formation can occur with any dicarbonyl and any alde-
hyde, and thus ammonium can potentially react with organic
compounds other than glyoxal and methylglyoxal in wet aerosols
(Yu et al., 2011; Powelson et al., 2013). Because of the lack of
knowledge of the speciﬁc ON compounds and their formation rates
in aerosol water, it is premature to draw conclusions that might
deﬁne the major background sources of soluble ON in Singapore.
Further laboratory and ﬁeld measurements are required to inves-
tigate the major formation processes of soluble ON both with and
without smoke sources in order to assess the effect of biomass
burning on marine ecosystems.
4. Conclusions
Atmospheric deposition of various organic nitrogen species due
to ﬁre events may play a role in altering marine biological activity
over coastal waters and the tropical oceans downwind from source
regions. We have presented simulations of the global deposition of
soluble ON with and without open biomass burning emissions
using a coupled gas-phase and aqueous-phase chemistry version of
the IMPACT model. Differences between the simulations with
smoke and without smoke included not only the emissions of
primary particles (e.g., primary ON from biomass burning) but also
the changes to chemistry that govern the formation of secondary
ON in gases and aerosols. Themodel simulations demonstrated that
soluble ON deposition from open biomass burning was accentuated
over the tropical oceans downwind of major biomass burning
source regions. The soluble ON concentration in aerosols was
enhanced in both the simulation with smoke and without smoke
during the ﬁre events. However, the modeled soluble ON deposi-
tion was 2 orders of magnitude lower than in-situ observations in
Singapore during ﬁre episodes in October 2006. While it is
currently not possible to ascribe a speciﬁc process to the sources of
soluble ON, here we explored possible candidates for reducing the
model-measurement difference by implementing the integrated
numerical solution for gas-phase and aqueous photochemistry to
predict the formation of particulate CeN compounds (e.g., imid-
azole) in the water shell of aerosols and upon cloud evaporation.
The deposition rate of soluble ON from the formation of par-
ticulate CeN compounds examined in this work resulted in sys-
tematic underestimates of the soluble ON at some coastal and
marine locations. This model deﬁciency suggests that the formation
mechanisms of soluble ON in wet aerosols and droplet evaporation
are not well characterized quantitatively. Lee et al. (2013) suggest
that inorganic sulfate may enhance the production of organic ni-
trogen compounds via aqueous glyoxal chemistry. In addition to
glyoxal and methylglyoxal, particulate CeN compounds have been
identiﬁed in laboratory studies from the uptake of isoprene epox-
ydiols onto non-acidiﬁed inorganic seeds (Nguyen et al., 2014).
These factors are not included in the current model. Thus ammo-
nium reactions leading to organic nitrogen formation need to be
examined for a wider variety of organic compounds in ambient
aerosols. These compounds and their reactions should be incor-
porated in aqueous-phase chemistry in the future.
Organic N-containing compounds are directly emitted from
ﬁres, but can also be formed through secondary processes that may
involve the unspeciﬁed NMOC. The model results highlight the
need for separation of the primary source strength of organic ni-
trogen from its secondary formation. The primary source strengthof ON and the secondary formation rates of ON can be obtained
from the laboratory experiments, while the calculated burdens of
soluble ON in the gas and aerosol phases can be constrained by the
ﬁeld observations. Then, methods may be developed for treating
the sub-grid scale chemistry of NOx reactions with a variety of
NMOC in the ﬁre plumes.
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